Abstract. The upregulation of Wnt/β-catenin signaling occurs in virtually all types of kidney disease and is associated with podocyte injury. However, the precise mechanisms involved in the development of kidney disease remain to be elucidated. MicroRNAs (miRNAs or miRs) are a class of short non-coding RNAs and they have been shown to be regulators of gene expression, mainly by binding to the untranslated region (UTR) of mRNAs. The aim of the present study was to determine the role of the 2 members of the miR-135 family (miR-135a and miR-135b) in podocyte injury and to elucidate the mechanisms responsible for the damage to podocytes. The results revealed that miR-135a and miR-135b were upregulated in models of podocyte injury and in glomeruli isolated from patients with focal segmental glomerulosclerosis (FSGS). The ectopic expression of miR-135a and miR-135b led to severe podocyte injury and the disorder of the podocyte cytoskeleton. Our findings demonstrated that miR-135a and miR-135b activated Wnt/β-catenin signaling and induced the nuclear translocation of β-catenin. Using luciferase reporter assays, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis, glycogen synthase kinase 3β (GSK3β) was identified as a target gene of miR-135a and miR-135b. To the best of our knowledge, this is the first study to demonstrate that members of the miR-135 family (specifically miR-135a and miR-135b) regulate the expression of GSK3β, thus playing a role in the development of podocyte injury and the disorder of the podocyte cytoskeleton. This is an important finding as it may contribute to the development of novel therapeutics for podocyte injury-associated glomerulopathies.
Introduction
A large number of secreted glycoproteins involved in organogenesis, stem cell homeostasis and tumor formation encoded by the Wnt gene have been verified from the Hydra to the human genome (1) . The enhanced activation of Wnt/β-catenin signaling and β-catenin nuclear translocation have been shown to play a role in podocyte injury in vivo and in vitro (3) . The administration of puromycin to cultured podocytes has been demonstrated to induce the nuclear translocation of β-catenin (2) . The Wnt/β-catenin signaling pathway may also be regulated by transforming growth factor-β (TGF-β) and adriamycin (ADR) in vitro (3, 4) . Increased podocyte Wnt/β-catenin signaling has also been observed in podocytes in murine models of diabetic nephropathy and focal segmental glomerulosclerosis (FSGS) (3, 5) . These results indicate a high consistency in the activation of Wnt/β-catenin signaling in podocytes in response to various types of injury and various diseases. However, the potential mechanisms involved remain poorly understood.
MicroRNAs (miRNAs or miRs) are a class of small noncoding RNAs which play indispensible roles in the regulation of gene expression through translational repression or transcript degradation (6) . Recently, studies have indicated that miRNAs play a key role in kidney diseases. miR-93 has been shown to facilitate glomerular injury through the activation of vascular endothelial growth factor (7) . By targeting Bcl-2, miR-195 aggravates podocyte apoptosis (8) . The downregulation of miR-30 has also been shown to promote podocyte injury (9) . Studies have demonstrated that miR-192 accelerates collagen formation in glomerular mesangial cells in models of diabetic nephropathy (10) and promotes TGF-β/Smad3-induced tubuSmad3-induced tubulointerstitial fibrosis (11) . The loss of Dicer in podocytes has been shown to lead to the development of proteinuria and glomerulosclerosis (12) . These studies indicate that miRNAs miR-135 family members mediate podocyte injury through the activation of Wnt/β-catenin signaling XIANGGUI The miR-135 family is highly conserved among mammals and consists of 2 members, miR-135a and miR-135b. It has been reported that miR-135a and miR-135b function as oncogenes and play prominent roles in the development of various types of cancer, including the pathogenesis of colorectal cancer (13) , a role in the promotion of paclitaxel resistance in non-small cell lung cancer (14) and in the facilitation of growth and invasion in colorectal cancer (15) . However, other studies have demonstrated that miR-135a is a tumor suppressor gene that inhibits cell proliferation in renal cancer (16) and selectively kills malignant glioma cells (17) . Additionally, miR-135a determines the size of the midbrain during its development (18) and promotes renal fibrosis in diabetic nephropathy (19) . Despite these findings, the exact function of the two miR-135 family members remains largely unknown, particularly their function in podocyte injury-associated renal diseases.
In the present study, we aimed to determine the roles and mechanisms of action of miR-135a and miR-135b in podocyte injury, and to elucidate the mechanisms underlying podocyte injury. We found that miR-135a and miR-135b were overexpressed in patients with FSGS and in models of podocyte injury, and that the ectopic expression of these miRNAs promoted podocyte injury by activating Wnt/β-catenin signaling through the suppression of glycogen synthase kinase 3β (GSK3β) expression. Our findings demonstrate that miR-135a and miR-135b play an important role in podocyte injury. Our findings may provide new insight into the understanding of the molecular mechanisms underlying podocyte injury, which may be crucial for the development of novel therapeutic agents for the treatment of podocytopathy.
Materials and methods
Ethics statement. Approval for human subject research in the present study was granted by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University, Chongqing, China. Each patient enrolled in this study provided written informed consent. For the animal experiments, all surgical procedures performed on mice were carried out under sodium pentobarbital anesthesia (5 mg/100 g). The animals were treated according to the recommendations listed in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH). The experimental procedures were approved by the Animal Experimental Ethics Committee of Chongqing Medical University.
Animal experiments. BALB/c mice (6-7 weeks old) were purchased from the Animal Center Management, Chongqing Medical University. The mouse models of podocyte injury were created by the administration of an intravenous injection of ADR (10.5 mg/kg; Sigma, St. Louis, MO, USA), as previously described (20, 21) . The mice in the control group received an equivalent volume of normal saline (NS). The mice were sacrificed by cervical vertebra dislocation on days 4, 7, 11, 15 and 20 following the administration of ADR or NS. The glomeruli were isolated from the kidneys using a sieving technique as previously described (22) . Mice were anesthetized and the kidneys were removed, minced into 1 mm 3 sections and digested in collagenase (1 mg/ml collagenase A, 100 U/ml deoxyribonuclease I in HBSS) at 37˚C for 30 min with gentle agitation. The collagenasedigested tissue was gently pressed through a 100-µm cell strainer using a flattened pestle and the cell strainer was then washed with 5 ml of HBSS. The filtered cells were passed through a new cell strainer without pressing and the cell strainer washed with 5 ml of HBSS. The cell suspension was then centrifuged at 200 x g for 5 min. The supernatant was discarded and the cell pellet was resuspended in 2 ml of HBSS. Finally, glomeruli were gathered by centrifugation (at 200 x g for 5 min). They were then stored in liquid nitrogen until further analysis.
Human samples. Three patients diagnosed as having FSGS by a renal biopsy at the Department of Nephrology, the First Affiliated Hospital, Chongqing Medical University were enrolled in the present study. The control group included 3 patients with kidney rupture following incidents of violence or traffic accidents. The glomeruli were isolated from the renal tissues using the aforementioned sieving technique and were then snap-frozen in liquid nitrogen for RNA extraction and molecular analysis. Podocyte damage was determined by analysis of the pathological sections and albuminuria (27) .
Cell culture and treatment. 293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gibco-BRL, Carlsbad, CA, USA) at 37˚C with 5% CO 2 . The conditionally immortalized mouse podocyte cell line 5 (MPC5) was cultured as previously described (23) . MPC-5 cells were cultured at 33˚C (10 U/ml of interferon-γ) with 5% CO 2 and were differentiated at 37˚C (without interferon-γ) with 5% CO 2 in RPMI Dutch-modified medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% v/v fetal calf serum. Depending on the exact experimental setup, the cultured cells were treated with different doses of adriamycin and transfected with microRNA mimics or plasmid using Lipofectamine 3000 reagent (Invitrogen, Grand Island, NY, USA). NT group cells were treated without any agents.
Bioinformatics analysis. The miR-135 candidate genes were predicted using the following websites: miRwalk (www.umm. uni-heidelberg.de/apps/zmf/mirwalk), miRanda (www.microrna. org/microrna/home.do) and TargetScan (www.targetscan.org/).
Constructs and luciferase assays. The 3' untranslated region (3'UTR) of GSK3β was obtained by the amplification of genomic DNA using a forward primer (5'-GCTCCTCACCA AATTCAAGC-3') and a reverse primer (5'-TGAAGTGA GACTGCCAACATG-3'). The PCR product was cloned into the pcDNA3.1-Luc reporter vector and verified by sequencing. For the wild type construct, the seed sequence was wild type. For the mutant construct, the seed sequence was mutated. miR-135 inhibitor (Inh-135) was from RiboBio Co., Ltd., Guangzhou, China. The microRNA control inhibitor (Inh-NC) was from RiboBio Co., Ltd. Luciferase assays were conducted according to a method described in a previous study (24) . In brief, the 293T and MPC5 cells were cultured in 24-well plates and transfected with 500 ng of the repoter vector, 50 ng of pRL-CMV and 50 nM of miR-135a/miR-135b mimics or the miRNA mimic negative control (RiboBio Co., Ltd.) using Lipofectamine 3000 reagent (Invitrogen, Grand Island, NY, USA). The firefly and Renilla luciferase activities were measured at 36 h after transfection using a dual-luciferase assay system (Promega, Madison, WI, USA) according to the manufacturer's instructions. Dishevelled regulates GSK3β activity. This results in the stabilization and accumulation of cytosolic β-catenin, a GSK-3β substrate, which is when phosphorylated by GSK-3β, and is targeted for ubiquitin-mediated proteolysis. β-catenin then translocates to the nucleus, where in complexes with members of the TCF family of transcription regulators, activates the transcription of TCF-responsive genes. This TCF-reporter plasmid enables the quantification of Wnt signaling in cells transfected with these constructs. LiCl can repress GSK-3β expression, this results in the stabilization and accumulation of cytosolic β-catenin.
RNA extraction and reverse transcription-quantitative PCR (RT-qPCR).
RNA was extracted using TRIzol reagent (Ambion, Austin, TX, USA) according to the manufacturer's instructions. RT-qPCR for the detection of miR-135a and miR-135b was performed using miR-135a-and miR-135b-specific PCR primers (RiboBio Co., Ltd.) with the RevertAid First Strand cDNA Synthesis kit (Fermentas, Burlington, ON, Canada) and SYBR Premix Ex Taq™ II (Takara, Dalian, China) according to the manufacturers' instructions. For the mRNA quantification of protein-encoding genes, the RNA was reverse transcribed with a random primer and the mRNA levels were determined by RT-qPCR. All the sequences of the primers using in RT-qPCR primers are presented in Table I .
Protein extraction and western blot analysis. Total protein was extracted from the MPC5 cells using RIPA lysis buffer (Beyotime, Jiangsu, China) following the manufacturer's instructions. Western blot analysis was performed as previously described (25) . The antibodies used were the following: rabbit anti-desmin (1:1,000; sc-14026), rabbit anti-snail (1:1,000; sc-28199) (all from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), rabbit anti-nephrin (1:2,000; ab136894; Abcam, Cambridge, MA, USA), rabbit anti-Wilms tumor 1 (WT1; 1:500; sc-192), rabbit anti-E-cadherin (1:1,000l; sc-7870) (both from Santa Cruz Biotechnology, Inc.), rabbit anti-GSK3β (1:2,000; ab18893; Abcam), rabbit anti-β-catenin [activated and unphosphorylated, 1:2,000; Netherlands Cancer Institute (NKI), Amsterdam, The Netherlands], mouse anti-β-tubulin (1:3,000; sc-80011), goat anti-rabbit IgG-HRP (1:3,000; sc-2004) and goat anti-mouse IgG-HRP (1:3,000; sc-2005) (all from Santa Cruz Biotechnology, Inc.). For the quantitative analysis of the western blots, the protein band intensities were quantified using Image J software and β-actin was used for normalization.
F-actin cytoskeleton staining and immunofluorescence staining. F-actin was stained using rhodamine-labeled phalloidin (diluted in PBS containing 5% BSA, 1:1,000; Sigma) according to the manufacturer's instructions. Immunostaining for the determination of the location of β-catenin was performed as previously described (26) . The following antibodies were used: rabbit anti-β-catenin (1:1,000; ab32572; Abcam) and goat anti-rabbit IgG-CFL 488 (1:2,000; sc-362262; Santa Cruz Biotechnology, Inc.).
Statistical analysis.
All the results are presented as the means ± SD. The t-test was employed to determine whether 2 sets of data (groups) differed significantly from each other using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). Values of P<0.05 and P<0.01 were considered to indicate statistically significant and highly statistically significant differences, respectively. All experiments were performed at least 3 times.
Results

miR-135a and miR-135b are upregulated in injured podocytes.
To investigate the role of miR-135a and miR-135b in podocyte injury, firstly, a mouse model of ADR-induced nephropathy, a widely recognized model of podocyte injury (20, 21) , was established by an intravenous injection of ADR (10.5 mg/kg). The expression levels of both members of the miR-135 family were detected in the isolated glomeruli by RT-qPCR as indicated in Fig. 1A and B. The expression levels of miR-135a and miR-135b increased significantly as early as day 4 following the administration of ADR. Eleven days following the administration of ADR, the miR-135a and miR-135b expression levels increased by approximately 3-fold. Furthermore, the expression levels of both miRNAs were measured in an in vitro model of ADR-induced podocyte injury. As demonstrated in Fig. 1C-F , treatment with ADR enhanced the expression of miR-135a and miR-135b in the cultured mouse podocyte cell line (MPC5) in a dose-dependent ( Fig. 1C and D ; 24 h after ADR treatment) and time-dependent manner ( Fig. 1E and F ; 5 µg/ml ADR treatment). Additionally, in order to further investigate the clinical signifi- TGCAGCCACTCTAGCTCGTA  GACATGTCCATCTCCACCTG  150  Snail  NM_011427  AGCCCAACTATAGCGAGCTG  CCAGGAGAGAGTCCCAGATG  150  Nephrin  NM_019459  CGCCACCTGGTCGTAGATTC  ACCCCTCTATGATGAAGTAC  94  E-cadherin  NM_009864  GGCCAGTGCATCCTTCAAAT  CAGGTCTCCTCATGGCTTTG  148  WT1  NM_144783  CCGTGTGGTTCTCACTCTCA  CAAATGACCTCCCAGCTTGA  151  18s  NR_003278  GTAACCCGTTGAACCCCATT  CCATCCAATCGGTAGTAGCG  151 cance of miR-135a and miR-135b in podocyte injury, glomeruli were isolated from 3 patients with FSGS whose podocytes were severely damaged and from 3 patients with kidney rupture caused by incidents of violence or traffic accidents. The renal samples from patients with kidney rupture were used as controls. miR-135a and miR-135b expression in the glomeruli from these patients was examined by RT-qPCR. As expected, miR-135a and miR-135b were highly expressed in the glomeruli of the patients with FSGS compared with those of the controls (Fig. 1G) . Thus, the aforementioned results clearly indicate that miR-135a and miR-135b are upregulated in injured podocytes.
Overexpression of miR-135 family members leads to podocyte injury.
To determine whether the increase in the expression of miR-135a and miR-135b is functionally significant in podocyte injury, miR-135a and miR-135b mimics and miRNA mimic negative control (miR-NC) were transfected into the MPC5 cells. Forty-eight hours after transfection, the protein expression levels of markers related to podocyte injury were measured by western blot analysis. The expression of desmin and snail, two markers of podocyte injury (3, 28) , significantly increased in the cells transfected with miR-135a and miR-135b mimics compared with the miR-NC group ( Fig. 2A and B) . However, the expression of the podocyte functional markers, WT1, nephrin and E-cadherin, was suppressed by transfection with miR-135a and miR-135b mimics ( Fig. 2A and B) . Furthermore, the mRNA expression of these genes was determined by RT-qPCR, the results of which were consistent with those of the protein expression (Fig. 2C) . P<0.01 indicacte statistically significant and highly statistically significant differences, respectively, compared with the controls. NO1, number 1 patient; NO2, number 2 patient; NO3, number 3 patient.
Any factor that can cause the disorder or rearrangement of the podocyte cytoskeleton may result in podocyte dysfunction and injury (29) . Therefore, in this study, the effects of miR-135a and miR-135b on the podocyte cytoskeleton were examined. The podocyte cytoskeleton was examined by means of fluorescein-conjugated phalloidin staining at 36 h following transfection with miR-135a and miR-135b mimics or miR-NC. The results revealed that miR-135a and miR-135b promoted the rearrangement of stress fibers in podocytes, causing them to localize around the cytomembrane compared with the control-transfected and untreated groups (NT) (Fig. 2D) .
miR-135a and miR-135b promote Wnt/β-catenin signaling in MPC5 cells. As is well known, desmin and snail are potential downstream targets of the Wnt/β-catenin signaling pathway (30) . As shown in Fig. 2A , desmin and snail were overexpressed in the injured podocytes. Therefore, we hypothesized that miR-135a and miR-135b mediate podocyte injury through Wnt/β-catenin signaling. To verify this hypothesis, we first examined the effects of miR-135a and miR-135b on T-cell factor (TCF) transcriptional activity. The 293T and MPC5 cells were co-transfected with miR-135a and miR-135b mimics or miR-NC and luciferase reporter constructs harboring 3 optimal TCF binding sites (TOPflash). The lithium chloride (LiCl; 10 mM) group was used as a positive control. The results revealed that transfection with either miR-135a or miR-135b significantly increased TOPflash reporter activity by approximately 3-fold compared with the negative control ( Fig. 3A and B) . Subsequently, the effects of miR-135a and miR-135b on the expression levels of activated and unphosphorylated β-catenin were examined in the MPC5 cells by western blot analysis. In accordance with previous findings (13), we found that the overexpression of miR-135a and miR-135b increased the levels of activated and unphosphorylated β-catenin by approximately 1.5-fold compared with the negative control ( Fig. 3C and D) . This effect was very similar to that observed in the group treated with LiCl (10 mM). Furthermore, immunofluorescence staining for β-catenin was conducted to examine the effects of miR-135a and miR-135b on the subcellular location of β-catenin in the MPC5 cells. The nuclear translocation of β-catenin occurred following transfection of the cells with miR-135a and miR-135b mimics and was comparable to that in the group treated with LiCl (10 mM) (Fig. 3E) . By contrast, β-catenin was predominantly localized at the cell-cell adhesion sites and around the nucleus in the MPC5 cells in the control group (Fig. 3E) . Thus, the aforementioned findings indicate that miR-135a and miR-135b activate Wnt/β-catenin signaling.
miR-135a and miR-135b target the 3'UTR of GSK3β and inhibit
GSK3β expression. In order to further elucidate the molecular mechanisms underlying the miR-135a-and miR-135b-induced activation of Wnt/β-catenin signaling, the targets of miR-135a and miR-135b involved in Wnt/β-catenin signaling were identified by online miRNA target prediction programmes, including miRwalk, miRanda and TargetScan release 6.2. The analysis revealed that an evolutionarily conserved region in the 3'UTR of GSK3β mRNA had a perfect complementary sequence (5'-UGUUUACA-3') to the seed sequence (3'-ACAAAUGU-5') of the miR-135 family (Fig. 4A) . In order ro further validate the results of bioinformatics analysis, reporter vectors bearing the GSK-3β 3'UTR were constructed (Fig. 4B) . Luciferase reporter assays were conducted to determine whether miR-135a and miR-135b directly target the 3'UTR of GSK3β. The results revealed that luciferase expression was significantly suppressed in the groups transfected with the miR-135a and miR-135b mimics compared with the miR-NC group, while mutations of the miR-135a and miR-135b binding sites abrogated the suppression of luciferase expression ( Fig. 4C and D) , which suggests that miR-135a and miR-135b directly bind to the 3'UTR of GSK3β. Furthermore, the effects of miR-135a and miR-135b on GSK3β expression at the protein and mRNA level were also determined. The results revealed that miR-135a and miR-135b inhibited the expression of GSK3β at both the protein and mRNA level (Fig. 4E-G) . Taken together, these results indicate that both members of the miR-135 family activate Wnt/β-catenin signaling through the inhibition of GSK3β expression.
Discussion
It is widely accepted that glomerular visceral epithelial cells, also known as podocytes, are a critical target of injury in a wide variety of kidney diseases (31) . The present study primarily demonstrated that miR-135a and miR-135b were significantly upregulated in the glomeruli of mice and in cultured podocytes treated with ADR, and that miR-135a and miR-135b are potential diagnostic biomarkers for glomerular and podocyte injury. A number of signaling pathways have been demonstrated to be involved in podocyte injury and apoptosis (32) ; however, the molecular mechanisms underlying podocyte injury remain poorly understood. The present study demonstrates that the ectopic expression of miR-135a and miR-135b promotes Wnt/β-catenin signaling and results in podocyte injury, which suggests that miR-135a and miR-135b are novel detrimental factors for podocytes and cause podocyte injury through the activation of Wnt/β-catenin signaling. Thus, we propose a novel mechanism underlying podocyte damage and suggest that podocyte injury is mediated by Wnt/β-catenin signaling.
Thus far, a great deal of understanding on podocyte biology, particularly in the regulation of the actin cytoskeleton, a main determinant of the complex architecture for podocyte function, that facilitates the identification of therapeutic targets for podocyte-associated diseases, has been achieved. For example, cyclosporine A (33) and rituximab (34) have been shown to protect podocytes from injury and dysfunction through the stabilization of the podocyte cytoskeleton. In the present study, we found that miR-135a and miR-135b are the detrimental factors for the stabilization of the podocyte cytoskeleton and that they disrupt the location of the actin skeleton. Thus, this suggests that the disruption of the cytoskeleton arrangement may be the main mechanism underlying podocyte dysfunction induced by miR-135a and miR-135b.
miRNAs are a class of short non-coding RNAs. In this study, using bioinformatics software, we found that GSK3β is a potential target gene of miR-135a and miR-135b. As is well known (35) , GSK3β is an inhibitor of Wnt/β-catenin signaling and, thus, it was speculated that miR-135a and miR-135b may promote Wnt/β-catenin signaling through the suppression of GSK3β. Using luciferase reporter assays, western blot analysis and RT-qPCR, GSK3β was found to be a target gene of miR-135a and miR-135b. Adenomatous polyposis coli (APC), another inhibitor of Wnt/β catenin signaling, has been identified as a target of miR-135a and miR-135b in humans (13, 14) . However, the target sites of APC for miR-135a and miR-135b are not conserved between humans and mice. Therefore, we did not find that miR-135a and miR-135b inhibits APC expression in mice (data not shown), which is consistent with the results of the study by Nagel et al (13) .
Despite a better understanding of the pathophysiological mechanisms of podocytes in kidney disease, only a few findings may be translated into more effective treatments due to difficulties in identifying functionally relevant podocyteassociated molecules. Hence, the need for the identification of the molecular mechanisms responsible for podocyte injury is imperative. The miR-135 family has 2 members, miR-135a and miR-135b. In the present study, we found that these 2 members were upregulated in models of podocyte injury and in glomin glomglomeruli from patients with FSGS, indicating that there may be a common signal promoting high levels of miR-135a and miR-135b expression. The identification of this signal would decisively contribute to the development of novel drugs for the treatement of renal diseases associated with podocyte injury.
In conclusion, in the present study, we primarily found that miR-135a and miR-135b were upregulated in models of podocyte injury and in glomeruli from patients with FSGS. To the best of our knowledge, the present study is the first to demonstrate that miR-135a and miR-135b activate Wnt/β-catenin signaling through the inhibition of GSK3β in podocytes, suggesting a novel mechanism underlying miR-135a-and miR-135b-mediated podocyte injury. Our findings also suggests that miR-135a and miR-135b are potential diagnostic biomarkers for podocyte injury and that their inhibition may be a potential clinical therapeutic strategy for the treatment of podocytopathy. Although the findings of the current study demonstrate that miR-135a and miR-135b are upregulated by ADR in podocytes, the exact mechanisms through which ADR regulates miR-135a and miR-135b expression in podocytes remain unknown; thus, further research is required on this matter. In the future, our intention is to generate the ectopic expression and knockdown of these miRNAs in a mouse model in order to investigate the functions of miR-135a and miR-135b and the association between miR-135 family members and podocyte injury in vivo.
